In a compartment fire, the breakage and possible fallout of a window glass has a significant impact on the fire dynamics. The thermal breakage of glass depends on various parameters such as glass type, edge shading, edges conditions and constraints on the glass. The purpose of the present study is to investigate some of the key parameters affecting the thermal breakage of window glass in fire conditions using a recently developed and validated computer tool. Fallout is not within the scope of this study. Different boundary conditions of the glass pane (unconstrained and constrained) subjected to fire radiant heat are investigated. The analysis shows that to prevent glass thermal breakage, it is important to provide enough spacing between the frame and glass pane to accommodate the thermal expansion, and constraints on the glass structure should be avoided. The zones where the glass is likely to crack first are shown. The study also quantifies the effects of glass edge conditions on its thermal breakage in fire conditions; such analysis has not been reported in the literature due to its complexity and the statistical nature of edge flaws. The results show that an ordinary float glass mostly used in
The understanding of glass fracture or breakage mechanism is important in many disciplines including building design, fire safety engineering, glass manufacturing and forensic science. For the latter application, McJunkins and Thornton [1] have presented a good review of how examination of glass fracture patterns are used to aid criminal investigation in bulletscaused fractures of annealed window glass.
Another cause of window glass fracture in buildings is thermally induced stress, resulting from the uneven heating of glass by exposure to solar radiation, fire or intense radiant heat.
Thermal fracture by solar radiation has been well studied and reported in the literature for single pane and double glazed windows [2, 3] . For clarity in the terminology, in the present article, fracture, breakage or cracking refer to the occurrence of single or multiple cracks in the glass, with the glass still fully in place in the frame and no new vent opened. Fallout refers to postfracture situations where a new vent is created as a result of glass pieces or the whole glass pane falling out of the frame.
Exposure of a window glass to fire or intense radiant heat in building compartments could also cause the uneven heating of window glass and subsequent thermal breakage. Thermal fracture of glass in fire conditions before fallout is the scope of the present study. There is clearly some similarity between glass breakage in solar and fire conditions. However in fires, the physics of the problem is more complex due to the dynamics of the fire that needs to be modelled and coupled with the glass behaviour. Also in fires, the level of heat fluxes that directly affects breakage, is significantly higher than in solar problems where radiation is typically less than 1.4 kW/m 2 . In fire safety, the need for more research on window glass breakage in fires was first highlighted by Emmons [4] . The only study then on the topic reported in [4] was the experimental work carried out at Harvard by subjecting window glass to intense radiant heat [5] .
Pagni [6] followed up by making an analogy between glass fracture in fires and ice cracking: "a window glass breaks in fire for the same reason that an ice cube cracks when placed in liquid.
Thermal expansion places the cooler portion in tension. The exposed window heats and expands placing its cooler shaded edge in tension until it cracks at a small defect". An overview of theoretical and experimental studies on glass thermal breakage is presented in the literature [7] [8] [9] .
To study thermal fracture of window glass in compartments (e.g. rooms, enclosure) fires, two main physical processes which are related to each other should be considered. The first is the heat transferred by radiation and convection from the fire source and the hot combustion products to the glass; radiation remaining the dominant mode of heat transfer in a fire environment. The second process is the mechanical stress distribution and glass fracture. Most theoretical studies on glass fracture in fire applications were concerned with improving heat transfer models, i.e. the first physical process above mentioned. It is worth noting that the glass fracture's criterion employed in all these studies for framed glass in fire environment is based on Pagni's criterion [6] which states that glass fracture occurs when the temperature increase in an exposed portion of the glass is sufficient to induce a pre-determined fracture (failure) stress in the shaded framed edge. An accurate modeling of heat transfer is therefore important for a good prediction of the temperature field using the energy equation, and the subsequent calculation of thermal stresses and initial fracture time. Cuzzillo and Pagni [10] carried out a good review of existing heat transfer models for glazing in fire environment. Keski-Rahkonen [11] presented a heat transfer model with linearized radiation boundary conditions to calculate the temperature and thermal stress fields. The author also established a deterministic criterion for fracture's stress in the form σ~∆T where ∆T is the temperature difference between the hotter exposed area and the colder edge of the glass. A theoretical value of ∆T=80 o C is reported for initial fracture and cracks [11] . Further theoretical studies were presented by Pagni and Joshi for a more accurate calculation of heat transferred and temperature field in the glass and the time of first crack occurrence [12, 13] . To handle the non-linear radiation boundary conditions which contain terms with temperature to the power 4, a Laplace transform method is proposed to obtain the transient temperature field [12, 13] . Sincaglia and Barnett [14] developed a glass fracture model with emphasis on radiation wavelength dependence which was implemented in the zone type computer code Branzfire by Parry et al. [15] . Dembele et al. [16] developed an advanced radiation heat transfer model, based on a Spectral Discrete Ordinates Method (SDOM) which addressed some limitations of literature models. The model is spectral since glass is a spectrally selective material that absorbs, reflects and transmits radiation within specific wavelengths. It accounts for the diffuse nature of the radiation incident on the glass pane and provides a better handling of boundary conditions such as exterior fires radiation due to its formulation.
Validation results of the one-dimensional radiation model (referred to as 1D-SDOM) have been presented in terms of temperature distribution in the glass and the time to first crack's occurence based on Pagni's deterministic criterion [16] . To simulate the dynamic interaction between the fire and the glazing system in a compartment, the spectral radiation model was coupled with the Computational Fluid Dynamics (CFD) code Fire Dynamics Simulator (FDS 5.0) developed at the National Institute of Standards and Technology (NIST) [17] . Successful validation and application results of the coupled tool, referred to as FDS-1D-SDOM, were presented in [18] .
For thermal breakage in fire conditions, few studies have however investigated thermal stresses i.e. the second physical process above mentioned. This is understandable if Pagni's deterministic criterion is to be employed to calculate the fracture time since the temperature (determined from heat transfer calculations) is the most important parameter. However this widely used criterion has two major limitations. Firstly it was developed for a uniform exposure of the glass pane to fire, which is not the case for many real compartment fire scenarios where the glass may be subjected to heat flux from a hot upper layer and cooler lower layer (nonuniform heating) [19] . Secondly the Pagni's deterministic criterion does not account for some real physical parameters of the glass such as edge conditions resulting from the glass manufacturing or when it is cut to size or further processed. These parameters which are of statistical or probabilistic nature have a strong influence on the glass fracture and are difficult to account for without investigating the thermal stress field. Moreover, the location of the first cracks in the glass pane could only be predicted from a detailed stress analysis. Keski-Rahkonen [11] was the first to carry out some analysis on thermal stress fields in a long strip window under fire conditions, using the 2D thin plate approximation (no stresses in the direction of glass thickness) and assuming no temperature gradient across the thickness of the glass. It is reported that stresses build up in the coldest parts of the panes [11] . Chow and Gao [20] did some thorough thermal stress analysis to understand the effect of non-uniform temperature distribution on the glass surface in fire conditions. The authors used the experimental non-uniform temperature data from [19] to derive vertical temperature profiles, which were then employed to calculate the stresses on the glass pane for different boundary conditions. Tofilo and Delichatsios [21] carried out some 2D analytical and numerical thermal stress analysis to quantify the significance of the bridling from axial elongation and the flexing stresses in calculating the maximum thermal stresses in compartment fires. The study shows some limitations of the simple glass breakage criterion in [11] and highlights the need for more thorough stress calculations.
More recently Dembele et al. [22] coupled a three-dimensional thermal stress and a failure probability model with the 3D-SDOM model developed by the same authors. The failure probability model is an alternative to Pagni's deterministic criterion. Some preliminary validation results of the combined tool, referred to as "Glaz3D" were presented in [22] for some simple scenarios by comparing (i) the temperature and stresses predicted to ANSYS [23] and (ii) the time of first crack occurrence to some experimental data available in the literature. The verifications and validations studies show that the temperatures and time of first crack's occurrence predicted with Glaz3D are in relatively good agreement with most comparative experimental data [22] . These results are not repeated in the present study and the aim is not to validate Glaz3D but to employ it as a tool to explore further the stress, strain distributions and other parameters such as edge conditions and glass boundary conditions, for design guidance.
Unlike most studies presented in the literature based on the 2D thin plate approximation, Glaz3D predicts the 3D thermal stress-strains distributions. For a dynamic simulation of the fire and glass behaviour, Glaz3D was coupled with FDS and the resulting tool referred to as Glaz3D-FDS [22] .
Many parameters such as edge shading affect the thermal breakage of glass in fires. In addition to shading, the way the glass is constrained (boundary conditions) has a strong influence which is explored in the current study. Edge condition is another key parameter that strongly influences glass thermal breakage in fires. Although it is well established that glass fracture
initiates at an edge defect [6] , there is hardly any study in the literature to analyze and quantify the effect of the edge conditions on glass thermal breakage in fire conditions. This knowledge gap on edge conditions effects was underlined by Hassani et al. [7] . The most common way of describing the distribution of flaws, which are of statistical nature, is the Weibull probability model [24] which was implemented in Glaz3D. An analysis is carried out in the present study to quantify the effect of different glass edge conditions (as cut, grounded, polished) on the failure of window glass in typical fire conditions.
The overall objective of the present study is to investigate in more detail some important parameters such as edge conditions and boundary conditions which affect the breakage of window glass in typical compartment fires conditions and to provide some design guidance. The recently developed tool Glaz3D is employed for the analysis. The quantification of the effects of edge conditions on glass thermal breakage in room fires, has never been reported in the literature to the best of the authors' knowledge. The study also demonstrates how a predictive tool could assist in a better understanding of window glass breakage and for safety design in buildings.
Theoretical analysis
The reader may refer to reference [22] for a detailed description of the modelling approach adopted in Glaz3D. Only the main equations are recalled here. Glaz3D is structured around the following 3D sub-models: a spectral discrete ordinates radiation model (3D-SDOM), conduction heat transfer, thermal stress model and a Weibull probability of failure model for glass fracture.
Spectral discrete ordinates radiation model (SDOM)
A typical window glass assembly in a room fire scenario is shown in Fig. 1 [12] . The glass edges are framed and the remaining surface areas are either directly exposed to heat from the fire sources and combustion products or exposed to ambient. It is assumed that the speed of temperature waves is much lower than that of stress waves [11] . Therefore the transient temperature field, T(x,y,z,t), in the glass is first calculated, then the thermal stress and the failure probability are solved. For a 3D Cartesian geometry, the temperature is determined from the energy equation:
The first terms in bracket on the right-hand side (RHS) of Eq. should be evaluated accurately. This source term is calculated in the present study from the spectral discrete ordinates method (SDOM) described below. A major advantage of the SDOM is that it is spectral i.e. wavelength dependent (glass is a spectrally selective material) and account for the diffuse nature of thermal radiation from the fire and hot combustion gases (i.e.
radiation from all directions is considered).
The 3D Spectral Radiative Transfer Equation (SRTE) in an absorbing and emitting, non scattering medium such as glass is:
The fundamental quantity in the SRTE, which needs to be resolved is the spectral radiation intensity, I λ , which is function of the spatial location (x,y,z) and the angular direction Ω (µ,ξ,λ).
It is defined as the amount of radiative energy dE λ streaming through a unit area perpendicular to the direction of propagation Ω (µ,ξ,λ), per unit solid angle, per unit wavelength, per unit time:
Once the spectral intensity field, I λ , is resolved, the total radiative source term is calculated as:
Eq. (4) shows that an integration is needed over all solid angles d Ω over the entire spherical space (4π steradians). This is achieved in Glaz3D with the Discrete Ordinates Method [25] . The technique is based on the separation of the angular dependence ( Ω ) from the spatial dependence (x,y,z) of the intensity in the SRTE by selecting a set of discrete directions spanning in the angular range of 4π (quadrature scheme) with appropriate weights. The angular directions are chosen such that the products of the angular directions and their weights satisfy certain full-range and half-range moment constraints. For each discrete direction, m Ω , Eq. (2) becomes: Table 1 presents the directions cosines and quadrature weights of the S 6 quadrature scheme for 1/8 th of a spherical space adopted for the present analysis [25] . These data are used in Eq. (5).
There are 8×6=48 discrete ordinates in the total solid angle of 4π . The S 6 scheme provides intensity solutions that do not vary significantly when higher orders (e.g. S 8 ) are used at the expense or higher computing times. The maximum relative differences between temperatures predicted by S 6 and S 8 are within 1% whereas the latter requires 64 discretes ordinates i.e. 1.33 times the number of directions used for S 6 . It therefore offers a good compromise between accuracy and computing effort. The glass spectral absorption coefficients used in the study are given in Fig. 2 [26] . Once the radiation intensity field is calculated, the total radiative source term, rad q ∇ , used in Eq. (1) is calculated as:
The spectral range 0.1 µm to 100 µm is used in the integration for total quantities in the present study.
Thermal stress and probability of failure
The thermal stress model adopted in Glaz3D is based on the potential energy and the Galerkin finite element approaches [27] . It has been adapted and validated for thermal loads relevant to glass by the present authors [22] . The potential energy and Galerkin approaches yield the set of equations:
where Q is the global displacement vector, K the stiffness matrix and F a global matrix.
The calculation of the stress and strain values can be performed once Eq. (8) 
where D is the material matrix and B a (6x12) matrix [27] .
Once the temperature field in the glass is calculated from Eq. (1), if the glass temperature changes by ∆T(x,y,z) with respect to the initial state, the thermal stresses can be calculated by:
After the normal and shear stresses and strains are obtained, the principal stresses (σ 1 , σ 2 and σ 3 ), principal strains could be calculated. A quantity called the equivalent stress or Von Mises stress, σ VM, is commonly used in solid mechanics for material failure:
Pagni's widely used glass fracture deterministic criterion [6] states that glass fracture occurs when the temperature increase in an exposed portion of the glass is sufficient to induce a pre-determined fracture (failure) stress in the framed shaded edge: (12) Where osed exp T is the averaged temperature of the exposed area, and edge framed T the temperature of the framed glass edge. The advantage of this criterion is its simplicity and it yields relatively good initial fracture time under some conditions. However it has limitations: (i) it was developed for a uniform exposure of the glass pane to fire heat, (ii) it does not include the effect of the edge conditions which strongly influence fracture. As an alternative to the criterion Eq. (12) and to account for the many variable parameters in glass fracture such as edge conditions, a probability of failure model based on Weibull distribution is incorporated in Glaz3D. The model calculates the probability of the glass material failure due to thermal and load stresses. The general form of the failure probability, F p , of the glass is expressed as [28] : 
The maximum principal stress value in the glass pane is assigned to the nominal stress σ nom in Eq. (13) . The stress-area integral is expressed as: 
Where N is the number of nodes, and σ 1 , σ 2 , σ 3 are the principal stresses calculated by the thermal stress model. Eqs. (13)- (14) are used to determine the probability of failure of the glass surface and the edge elements.
The overall failure probability (OFP) of a glass surface consisting of k elements is calculated as:
It is important to note that the values of the Weibull Modulus, m, and unit of area strength, u σ , are different for each type of glass and edge conditions. The values employed in the present study were obtained from a compilation of fire testing experimental data by Pilkington [29] for ordinary glass and different edge conditions (as-cut, ground, and ground and polished). An analysis is carried out in the present study on the effect of edge conditions on glass thermal breakage in fire conditions. Fig. 3 shows the different types of edge conditions investigated and Table 2 presents the Weibull Modulus and unit of area strength values for ordinary glass used in the probability of failure model [29] .
Results and discussions

Effect of boundary conditions on thermal stresses and strains distribution in glass exposed to fire radiant heat
In this section Glaz3D is employed to investigate in more detail the effect of various boundary conditions on the thermal stresses and strains for a typical ordinary window glass subjected to fire radiant heat. This analysis is important not only to further verify the code but also for a better understanding of how these various parameters affect the breakage in fire conditions. The results may also serve as verification data for other researchers undertaking similar studies in the future as there is hardly any such data in the literature for fire applications.
Experimental data in the literature for glazing in fire conditions are mostly the time for first crack occurrence and the glass surfaces temperatures. Glaz3D was successfully validated against such data [22] . The thermal stress profiles were satisfactorily validated against ANSYS software for simulations without the radiative source term Eq. (4) which is not accounted for by ANSYS due to its complexity. One of the main advantages of Glaz3D is that it computes more accurately this radiative source term, which directly affects the temperature and the thermal stresses and strains.
However there is hardly any experimental data for detailed stress and strain distributions over the whole glass pane for fire applications.
The scenario adopted in the present study to examine the three boundary conditions is inspired from some experimental studies of glass panes subjected to radiant heat fluxes characteristic of fires [30] [31] [32] . In compartment fire scenarios radiant heat transfer is the dominant mode of heat transfer. In It is worth noting that no detailed stresses or strains distribution in the whole glass was measured by these authors [30] [31] [32] . A nonshaded glass, not constrained at the edges, uniformly heated does not break because the thermal expansion is uniform [4] . In real situations however the window glass is framed and therefore the edges are shaded as in Fig. 1 . The scenario considered is based on a single window ordinary float glass pane shaded at the edges, and subjected to a uniform radiant heat flux of 6.7 kW/m 2 on one side (exposed side). Such heat flux value was investigated in [30] and is higher than the minimum heat for breakage for ordinary glass 4 -5 kW/m 2 [31, 32] . It provides a good representation of the heat flux for analysis of the glass behaviour. Ordinary soda-lime-silica glass is the most common type of glass used in buildings and accounts for more than 90% of all the glasses made today. Its general weight composition with minor variations is 74% silica (SiO 2 ), 16% soda (Na 2 O), 10% lime (CaO) [33] .
The ordinary glass dimensions for the analysis are: thickness L=3mm, 300 mm width, 300 mm height and s=15mm (shaded edge width). The edge condition is the same (as cut) and the three boundary conditions studied, which are encountered in practice, are (a) unconstrained glass pane, bending on the stress distributions as underlined in some studies [20] . Although this thermal bending may not be important as glass is a brittle material, for accuracy its effect should be accounted for as in Glaz3D which is three-dimensional. It is worth noting that for a typical compartment fire, the onset of flashover would correspond to ceiling gas temperature of about 500 o C (773K), above the 400K for ordinary glass breakage mentioned for the scenario investigated here. Glass breakage would therefore likely occur well before the onset of flashover in the room.
Figs. 6a-c show the normal stress σ y in Y direction for the three boundary conditions a, b, and c.
In the figures, 'Sy' denotes the normal stresses σ y . For the unconstrained glass pane, scenario a, in Fig. 6 .a, the glass is in tension in all four edges (positive stresses) and in compression in the central area (negative stresses) -this is the result of the temperature gradient in the glass and the boundary conditions. The maximum normal tensile stresses σ y (53.4 MN/m 2 ) are located at the top and bottom edges. For boundary condition b (glass constrained in four corners) the maximum tensile zones are located at the top and bottom edges and also in the two lateral edges. The tensile stress increases in the lateral edges due to the corners constraints, also the glass pane shows a high compression near the constrained corners, as shown in Fig.6b . The central zone is also in compression. For boundary condition c (glass pane fully constrained at the bottom shaded area), as shown in Fig. 6 .c, the glass is in tension in the y direction at the top edge where the maximum tensile stresses are located. The bottom edge is in compression because as the glass pane tries to expand, it is restrained by the constrained bottom edges generating a compression.
The central area is still in compression.
The normal strains ε y for the three boundary conditions are presented in Figs. 7a-c. 'Ey' denotes the normal strains ε y . The strain profiles predicted with Glaz3D is consistent with the stress behavior described in Figs. 6a-c. Fig.7a shows that the glass pane expands in the y direction at all four edges (positive strains) for boundary condition a. However for condition b (Fig. 7b ) the glass pane expansion is restrained by the constrained edges generating small areas of maximum compression where the glass shrinks (negative strains). For the boundary condition c shown in Fig.7c , the glass pane has a compression zone just above the bottom shaded area and an expansion zone on the top edge.
For the three boundary conditions, similar behaviour is obtained in the Z directions for the stresses and strains σ z and ε z (not presented here for manuscript length constraints). A simple calculations with Hook's Law and the input data aforementioned show that at breakage (first crack occurrence) the breakage stress is around 50 MN/m 2 and the corresponding breakage strain 6.8*10 -4 for the temperature profile used (Fig. 4) for the unconstrained glass. Figs.6a and 7a show similar levels of stress and strains for maximum values which are consistent with literature [12] . As in practice the window glass is framed, to obtain the unconstrained boundary condition a, the spacing between the frame and the glass edge should accommodate an expansion of about 0.068% (6.8*10 -4 ). The maximum expansion strain in Fig. 7b (3.25*10 -4 ) is lower than the maximum values in Fig. 7a (6.4*10 -4 ) which is consistent with expectations for boundary condition b. One advantage of the detailed stress analysis is the possibility to map the areas of maximum stress where initial fracture is likely to occur. Rather than presenting the three principal stresses for the three boundary conditions, it is more convenient to show the equivalent tensile stress or Von Mises stresses (σ VM ) which represents the equivalent tensile stress the material is subjected to by combining all three principal stresses. From its definition Eq. (11) it is a positive quantity (i.e. tensile stress) and provides a good indication of the overall stress and the locations of the maximum equivalent tensile stresses in the glass where the initial fractures could occur (although the concept is strictly applicable to ductile materials) [34, 35] . Figs. 8a-c present the equivalent stresses for the three boundary conditions. 'VM' denotes the Von-Mises stress.
The most relevant information to read from the graphs are the areas of maximum equivalent stresses where the glass will initially crack. For the unconstrained glass pane (boundary condition a), as shown in Fig. 8a , the maximum tensile stress (~49MN/m 2 ) is located at the edges. The initial cracks will occur at an edge defects at these locations. Notice that as equivalent stresses are positive quantities the stresses in the central zone (in compression) are positive. For the glass pane constrained at the corners (condition b) the maximum equivalent stresses are located on the border of the constrained area as illustrated in Fig. 8b -initial cracks will occur at any flaw in these areas. The maximum stresses in Fig.8b are much higher than the unconstrained case Fig.8a (indicating that cracking will occur earlier than in condition a). For condition c (Fig.   8c ), the maximum equivalent stresses are located near the bottom shaded area and the edges.
The analysis clearly shows that to prevent glass failure, as a design guidance, it is important to provide enough spacing between the frame and glass pane, and avoid constraints on the glass structure. Additional constraints on an edge shaded window glass will lead to higher stress levels and earlier breakage compared to an unconstrained case. The study also demonstrates how the combination of accurate radiation heat transfer modeling and stress could help identify and map out the locations of initial cracks in the glass in fire conditions for different boundary constraints. The results presented could also serve for model verifications purposes to other researchers working on thermal fracture of glass in fires.
Influence of edge conditions on the probability of failure of a glass pane exposed to fire radiant heat
The analysis carried out in section 3.1 shows that an unconstrained, framed window glass pane subjected to typical fire radiant heat will develop maximum tensile stresses at the edges. This is consistent with the findings in literature [6] [7] [8] . Since breakage usually occur at an edge defect, the edge condition which is of probabilistic nature, is critical to the initial cracks prediction. Although it is widely acknowledged that the quality of the edge finish do influence glass breakage, there is hardly any literature studies to quantify this effect in fire conditions.
Ordinary float glass is the most common type of glass used in windows. In this section, Glaz3D is employed to investigate the overall failure probability of an ordinary window float glass pane subjected to typical fire radiant heat for three different edge conditions commonly used by glass manufacturers: (a) as-cut edge, (b) ground edge and (c) ground and polished edge (Fig. 3) . For edge condition a, the glass edges are as cut by cutters with no further processing, they are sharp.
For edge condition b the edge has a diamond smooth unpolished finish (ground not polished).
The edges are fine polished (ground and polished) for condition (c) -this condition will be referred to as polished edge. The latter two edge conditions therefore require further processing which will impact on edge flaws and strength.
For the study, the ordinary float glass dimensions are: thickness L=3mm, 500 mm width, 500 mm height and s=15mm (shaded edge width). It is subjected to a uniform radiant heat flux of 9.1 kW/m 2 on one side. A similar scenario was investigated by Harada et al. [30] . Fig. 9 presents the overall failure probability (OFP) of the glass calculated with Glaz3D using Eq. (16) for the three edge conditions. As the exposure time of the glass to radiant heat increases, the OFP also rises as a result of the temperature rise in the central zone. Fig.9 shows that to reach a given failure probability (OFP), the "as-cut" edge takes longer time than the "ground" and "polished" edges.
The glass has a 100% probability of breaking (very high risk) after 98s for the "polished edge", 112s for the ground edge and 160s for the "as-cut" edge. Fig.9 clearly shows that the ordinary glass pane with an edge condition "polished" will break earlier than one with edge condition "ascut". An explanation to this is the extra processing carried out on the ground and polished edge glasses, which increase the risk of introducing more flaws at the edge where the glass is likely to
break. An OFP of 50% is generally accepted as a good indication of the initial crack occurrence time in the glass pane -meaning there is 50% risk of glass fracture at that particular time. In the experiments of Harada et al. [30] a similar scenario was investigated with ordinary float glass with "as-cut" edge. For a radiant heat of 9.1 kW/m 2 , the time to initial crack was about 90s [30] . Table 3 shows the probability of the first crack occurrence considering OFPs of 50%, 75 and 100%. The ground and polished edges were not experimentally investigated. The 50% OFP predicted with the model for the "as-cut" edge (98s) agrees relatively well with the experimental data (90s). The findings confirm what is accepted in the glass industry that clean as-cut edges are generally considered to be the strongest edge for ordinary monolithic single pane glass.The study shows how the model could be employed for design guidance to quantify and predict the risk of glass fracture for a particular edge condition. Such analysis including the edge would not be feasible with the deterministic approach for instance.
Conclusions
Thermal breakage of window glass in typical fire conditions were investigated for different boundary conditions. A recently developed computer tool whose models are presented is employed for the simulations. The detailed stresses and strains distribution in the glass panes, and the locations of possible cracks locations are presented for unconstrained and constrained glass panes boundary conditions. The study show that for a shaded edge glass, to minimize the risk of glass failure and increase the time to first crack occurrence, the glass should be unconstrained with enough space between the glass pane and frame. The effect of edge conditions on the probability of failure of ordinary float glass, was also studied. Three edge conditions were considered: as-cut edge, ground edge and polished edge. The analysis shows that the "as-cut" edge is stronger and fails later than the ground and polished edges for the scenarios investigated. The computer tool employed could serve for design purposes. The work and models presented can also be the basis for future development of glass fallout models, which would require a more accurate prediction of the first crack time and location taking into account the influence of edge conditions. There is a need for more experiment data for detailed stress and strains in multiple locations in the glass pane under fire conditions. Such data, although challenging to obtain, may provide validation data for models. The results presented here may in that sense also serve as comparative data for other researchers. The analysis was limited in the study to ordinary float glass which is the most common type of glass used for window glasses.
However, the approach could account for the edge conditions in the probability of failure of other type of glass (tempered or toughened glass, laminated glass etc…) provided the Weibull modulus and unit of area are pre-determined. Fig. 1 . Typical window glass system [12] .
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